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1. INTRODUCTION 

The world is getting polluted very quickly along with it the temperature is also increasing with the 
usage of traditional energy sources such as coal, oil and gas. The world is looking for alternate energy 
sources to counter these problems. Renewable energy sources are cleaner and greener among others[1], [2]. 
Various countries are supporting the use of renewable energy to meet their energy demand. Wind energy is a 
prominent renewable energy source due to its availability and higher reliability. Despite the aforementioned 
benefits, there are some challenges such as wind measurement and prediction due to the turbulent nature of 
the wind. Control techniques are developed to cater to these challenges. Conventional techniques have been 
applied by using the feedback controllers such as research was carried out by implementing the fuzzy logic- 
based PID controller to acquire the efficient output power [3], [4]. Fuzzy and adaptive fuzzy is implemented 
to achieve the utmost power output [5]—[7]. The improved PID controller was designed and implemented to 
enhance the output power as well as reduces the loading effect [8]. Another fuzzy controller is modeled to 
cater to the fatigue load by implementing the individual pitch control [9]. PI and PID controllers are 
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implemented to acquire the maximum power output [10], [11]. Output power is enhanced by using the rotor 
speed as feedback [12]. The particle swarm optimization technique along with the fminsearch is used to tune 
the PID controller to operate the wind turbine efficiently and effectively [13]. All these techniques used are 
feedback, which works only with a change in response to the system which occurred already. Wind nature is 
very turbulent and unpredictable, the need is to design the feedforward control system which can preview the 
wind speed and adjust the control system accordingly. Various researches are performed in this field. A 
predictive controller is designed with the help of a fuzzy system to provide a reduced loading effect by 
adjusting the rotor speed [14]. The two predictive controllers are designed and implemented to act as Lidar 
sensors which compute and sense wind field [15]. Review papers have been written and various Lidar 
sensing techniques are discussed along with their benefits and challenges [16]-[18]. This research presents 
the yaw misalignments and how it can increase the loading effect, the correction of the yaw angle can reduce 
the loading effect significantly [19]. An adaptive control system is implemented to address the yaw alignment 
and wake effect furthermore, Yaw angle correction reduces the turbulence of downwind wind turbines [20]. 
Lidar technology is used to adjust the yaw angle as well as mitigate the wake effect by tracking the wake 
center [21]. The study of wake effect has been discussed and the main observation was the position of wind 
turbine nacelle also effects under specific wind directions [22]. This research proposes the feedforward 
control system based on Lidar technology to preview the wind field and measures it before it is touching the 
wind turbine plane. This can optimize the output power along with the safe and better operation of the wind 
turbine system. 

Conventionally, the wind is measured through an anemometer in a wind turbine. The anemometer 1s 
placed along with the nacelle of the wind turbine. So, the wind is measured after it crosses the wind turbine 
rotor plane. The control system normally used feedback control acts accordingly, after wind surpasses the 
wind turbine. This makes the control system more challenging due to the turbulent nature of the wind. To 
cater to this problem Lidar is used in wind turbines which measures the wind before it crosses the rotor plane. 
Lidar uses the light sensor to measure the distance and speed of the wind. With the use of Lidar, wind 
turbulence and speed can be measured accurately and precisely. Lidar calculates the wind speed before time 
and the control system adjusts the blades to increase the power output and also protect the equipment [23]. 
There are two methods by which Lidar measures the data. Coherent and non-coherent detection. Coherent 
detection is normally used for doppler or phase-sensitive measurements through optical heterodyne 
measurement [24]. They require low power for operations but have complicated transceiver requirements. 
The two pulse models are used in the Lidar system; micro pulse and high energy system. The high energy 
system is used in measuring the atmospheric related data such as cloud data, strata, temperature, pressure, 
wind speed, humidity, cloud particles features [25], [26]. Various techniques are used to determine the wind 
speed direction and intensity which is very important to get the maximum yield. Weibull distribution is 
widely used over the last years for this purpose. The Weibull distribution’s density function is provided in 


(1). 





Plane of Wind turbine 


Figure 1. Wind structure used by Lidar passing through wind turbine 
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Here, f(v) represents the probability density factor, v is the wind speed measured in (m/s), the scale 
factor is indicated by c while k denotes sharp factor [27]. 
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Here, v; is the average wind speed during the time step i while N is the total wind speed data point 
other than zeros. The structure of wind captured by the Lidar system passing through the plane of wind 
turbine plane is illustrated through Figure 1. The wind turbulence model is illustrated in Figure 2. The 
turbulence model has various y-z planes in the direction of the x-axis, such as planes 1, 2 and 3. They are 
distributed over time and the speed information at the various point is obtained through time-domain 
variation in the rotor plane. The wind turbulence used n bladed is a spatial model. 


Plane \\ 
Plane N 





Figure 2. Wind turbulence model illustrated in bladed 


2. WIND TURBINE MODELLING 
The wind turbine system consists of various components illustrated in Figure 3. The output power 
acquired through wind speed is provided as (4): 


P, = =pAC,(A, B)v (4) 


p indicates the air density while C, indicates the power of the coefficient. “A” indicates the rotor 
plane area, p is pitch-angle while v is the wind speed. 
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Figure 3. The parts of the wind turbine system 


The coefficient of power is provided as (5) and (6), 
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Here, the V;; is the fluctuating part of the wind speed relating to the x-axis component. The tip speed 
ratio (A) is formulated as (7), 


a= Oey, (7) 


w, symbolizes the speed of the rotor while R indicates the radius of the rotor plane. The 
aerodynamic torque is represented as follows, C, denotes the coefficient of torque. 


Ta = 1/3 paR*C,(A, BV? (8) 
C 
Ca = Pf, (9) 
T 
Cr= ff; (11) 
/: pAV2 


The T; is the thrust force and Cy is the coefficient of the thrust. The active along with the reactive 
power of the generator used with the wind turbine is given as (12) and (13), 


3 : : 
Fy = > (Vaia + Vgiq) (12) 


Qg = = (Vala — Vaig) (13) 


Vz, Va along with the ig, ig denotes the voltage as well as current respectively in the d-q frame. 


3. DESIGN OF THE CONTROLLER 
3.1. Conventional controller 

Normally, the PI/PID controller is used in wind turbines. These controllers are used for two 
purposes in wind turbine systems; the adjustment of the pitch angle and to regulate the torque. At the wind 
speed lower than the rated speed, the torque controller regulates in such a way to extract the maximum power 
out. The Pitch controller works with the increment of wind speed from the rated speed so that the output 
power remains within the rated limit. The conventional PI controller is illustrated in Figure 4. The values of 
Kp, Ki and Kg are used in these techniques, these values are calculated and optimized by various techniques 
to improve the efficacy of the designed controller. 


Wind Speed 


-— 





Figure 4. Block diagram of the conventional controller 


3.2. Modelled controller design 

The modelled controller is illustrated in Figure 5. Feedforward control system is implemented along 
with the Lidar system. The controller is linearized and the proposed controller block diagram concerning 
transfer functions is depicted through Figure 5. The G,, denotes the wind evolution system, the G, and G, 
represents the transfer function of the linearized model wind turbine. G; is the transfer function of Lidar, Gpp 
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represents the transfer function of the feedforward controller whereas, Grg symbolizes the feedback 
controller. 
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Figure 5. The proposed controller along with the Lidar system 


Wind Speed 





Figure 6. Block illustration of the proposed controller 


The relation between output and input can be described as follows (14), (15) and (16); 





Wo = VGwG, + [VGLGrr + (wr — Wo) Greg IGz (14) 

(1 + GppG2)Wo = wr GrgG2 — V(GwG, + G,GrrG2) (15) 

aT GrBG2 GwG1+tGLGFFG2 16) 
j r 1+GrpG2 1+GprpG2 


The objective of the control system for the controller is (17) and (18): 


GwG1+G.GrrG2 — 0 (17) 
1+GFpBG2 
— _ Gwe 
TA (18) 
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4. SIMULATION AND RESULTS 

The simulation is performed in bladed software. The conventional controller along with the proposed 
controller is employed on the 2 MW wind turbine. The parametric values of the wind turbine are given in the 
table 1. 


Table 1. Wind turbine parameters. 


Parameters Values 
Rotor diameter 80 m 
Hub-height 61.5m 
Blade length 38.75 m 
Rated Power 2 MW 


Cut-in wind-speed 4 m/s 
Cut-out wind-speed 25 m/s 
Gearbox ratio 83.33 


Density of the air 1.225 Kg/m° 


The input wind is provided to the system which is illustrated in Figure 7. This input wind is given to 
the wind turbine system to attain the output values. The conventional along with the proposed technique 
which includes the lidar measurements as well as feedforward control is implemented on the 2 MW wind 
turbine through GH Bladed simulation. Figure 8(a) illustrates the output power acquired from the wind 
turbine system by applying the input wind. Both techniques are compared, the conventional technique 
provides promising results but the proposed technique having wind evolution, Lidar measurement and 
feedforward control system shows better results by implanting the control ahead of the conventional control 
system. 

Figure 8(b) represents the rotor speed (rad/s) of the system by applying the conventional and the 
designed control strategy. The rotor speed gained from the modelled technique is lesser at the start as 
compared to the old control technique which reduces the loading effect. The output attained from the 
designed technique also indicates that the control system is working ahead of the conventional. Figure 8(c) 
denotes the pitch angle of the wind turbine blades which is applied to regulate the output power as per the 
wind speed crossing through the rotor plane. Variation in the pitch angle values is reflecting the behavior of 
output power along with the rotor speed. 
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Figure 7. Input wind file fed to the wind turbine system. 


Nacelle x-acceleration values obtained from both techniques are illustrated in Figure 8(d). Loading 
along with the aging effect is dependent upon the value of acceleration. Nacelle acceleration achieved 
through the proposed technique is lesser than the conventional methodology which helps reduce the loading 
as well as aging effect. The results are much improved in the case of the proposed technique because of the 
ahead wind measurement which makes the control system more effective. Aerodynamic torque is presented 
in Figure 9. The aerodynamic torque achieved from the conventional as well as the proposed technique is 
shown. The effectual values attained from the proposed technique shows its efficacy. 
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Figure 8. (a) Output power for the proposed and conventional controllers. (b) Rotor speed at the given input 
wind of the wind turbine system. (c) Pitch angle control of the system. (d) Nacelle x-acceleration of the wind 
turbine system. 


These results conclude that the modelled control technique is 7.71% more effective and better than 
the previous reported techniques. Normally, the feedback control system is employed which acts after getting 
the response from the system. As the wind nature is uneven and undistributed that makes the control system 
more cumbersome and complex. Implementation of a feedback control system is not quite an effective 
approach in these conditions. Lidar measures the wind speed along with the direction before it passes through 
the rotor plane. This wind measurement data is very helpful for the controller to provide fruitful results. The 
feedforward control system along with the Lidar measurement data enhances the efficacy of the modelled 
control methodology. 
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Figure 9. Aerodynamic torque of the system at provided techniques. 
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5. CONCLUSION 

This paper presents the Lidar technology to calculate the wind speed and then the measurements are 
fed to the controller to act accordingly. In conventional methodologies, mostly the feedback control 
techniques are employed and the wind is measured when it crosses the rotor plane through an anemometer. 
This makes the control system more complex and difficult because of the wind's turbulent nature. This paper 
proposes the Lidar based feed forward control system to measure the wind speed ahead and directs the 
control system to work as per the measurements. When wind passes through the rotor plane, the control 
system with the help of Lidar measurements already in a position to counter the uneven and undistributed 
nature of wind. The control technique is designed in bladed software and implemented on the 2 MW wind 
turbine through simulations. The proposed methodology is compared with the conventional one having a 
feedback control system. The involvement of a feed forward controller makes the control system more 
efficient and effective. The output results acquired from both techniques are illustrated and analyzed in the 
results section. The results obtained through the proposed techniques are much improved and better than the 
conventional. Rotor speed, pitch angle, output power and nacelle x-acceleration values prove the efficacy of 
the proposed Lidar based feed forward controller. 
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